The supramolecular structure of organic thin films is a key factor in their optical and electrical properties and, consequently, in the technological applications involving organic electronic. Here, thin films of a perylene derivative, the bis butylimido perylene (BuPTCD), were produced by vacuum thermal evaporation (PVD, physical vapor deposition). The main objective is to investigate the supramolecular structure of the BuPTCD in these PVD films, which implies to control their thickness at nanometer scale and to determine their molecular organization, morphology at micro and nanometer scales and crystallinity. The ultraviolet-visible absorption reveals a uniform growth of the PVD films. The optical and atomic force microscopy images show a homogeneous surface of the film at micro and nanometer scales, respectively. The X-ray diffraction indicates that both powder and PVD film are in the crystalline form. Complementary, a preferential head-on orientation of the molecules in the PVD films is determined via infrared absorption spectroscopy. Besides, the annealing process (200 o C) did not affect the molecular organization of the PVD films, revealing a thermal stability of the BuPTCD molecules within the PVD films. Through DC electrical measurements, an electrical conductivity of 7.45x10 -10 S/m was determined for BuPTCD PVD films onto Au interdigitated electrodes (IDE-structured devices), which can be enhanced, under illumination, by two orders of magnitude (photoconductivity effect). As proof-of-concept, the IDE-structured devices are tested as gas sensor for trifluoroacetic acid.
Introduction
Nanostructured films of organic materials have played central role in the design of new electronic devices 1 . In this context, perylene derivatives stand out due to their suitable optical and electrical properties besides the low cost of processing in comparison to the conventional semiconducting materials [2] [3] [4] [5] [6] . Also noteworthy is its high absorption of electromagnetic radiation in the visible and near infrared region 7, 8 . Therefore, a broad range of application is based on perylene thin films, such as light-emitting diodes (LEDs), 9 transistors, 10 solar cells 8 and a variety of sensors for detecting dopamine, 11 pesticides, 7 and metallic ions 12, 13 . Langmuir, 14, 15 Langmuir-Blodgett (LB), 16, 17 Layer-by-Layer (LbL), 16, 18 spin-coating, 19 ,20 casting 21, 22 and physical vapor deposition (PVD) 10, 23 techniques are the most frequently applied in the fabrication of organic-based nanostructured films. In particular, PVD is one of the most common deposition technologies of small organic molecules, displaying high control on the supramolecular architecture of the films 24, 25 Indeed, the molecular organization plays an important role and mediates the electrical and optical properties of the films toward optimization of the device performance 26 . The relevance of the technique can be understood from the results found in the manufacture of organic light emitting diodes (OLEDs) 27 and transistors, 28 for instance. Greater efficiency in charge mobility was found for films produced via PVD, which is a direct consequence of the molecular orientation, given by the face-to-face stacking of the deposited molecules 27 . Therefore, the elucidation of the supramolecular architecture of thin films is crucial, prior to technological applications. That is our main objective here for PVD films of the perylene derivative bis butylimido perylene (BuPTCD). The growth of BuPTCD PVD films was monitored by ultraviolet-visible (UV-Vis) absorption spectroscopy and the morphology analyzed at nano and micrometer scales using atomic force microscopy (AFM) and micro-Raman, respectively. The crystallinity was inferred by X-ray diffraction and the molecular organization was extracted from FTIR absorption spectra obtained in transmission and reflection modes, analyzed using the surface selections rules 29, 30 . Finally, DC electrical analysis of the BuPTCD PVD film was performed onto Au interdigitated electrodes (IDE). 
Material and Methods
The purified sample of bis butylimido perylene (BuPTCD) was provided by Dr. J. Duff from the Xerox Resource Centre of Canada. BuPTCD solution was prepared with10% trifluoroacetic acid (TFA) in dichloromethane since the dye is insoluble in organic solvents. The thermal stability of BuPTCD powder was characterized through thermogravimetry (TG) and differential scanning calorimetry (DSC) using a TA Instruments, model SDT Q600, AlO 2 crucible, approximately 14 mg of sample and 10 o C/min heating rate. The thermal treatment was performed from 20 to 800°C, under air atmosphere (100 mL/min).
The PVD films were grown using the vacuum thermal evaporation technique in a Boc Edwards machine, model Auto 306, under 10
Torr (chamber vacuum). The method consists of placing the BuPTCD powder in a Ta boat where an electric current is applied to promote the evaporation of the material. The electric current was adjusted slowly up to 1.4 A, leading to an evaporation rate between 0.1 and 0.5 nm/s, monitored by a quartz crystal microbalance. The PVD films were deposited in five evaporation steps. For each step, a mass of 5.0 mg was weighted and then placed in the Ta boat to be evaporated. This procedure avoids fusing the powder due to long periods of heating, which may compromise the regularity of the evaporation process and, consequently, the control of the film growth and its quality.
The PVD films were deposited onto quartz plates up to 100 nm and monitored via UV-Vis absorption spectroscopy using a Varian spectrophotometer, model Cary 50, from 190 to 1100 nm. The PVD films onto quartz substrates were also characterized morphologically at micrometer scale combining Raman scattering and optical microscopy using a micro-Raman Renishaw spectrograph, model in-Via. The molecular organization of PVD films was determined by means of FTIR absorption spectroscopy using a spectrometer Bruker, model Tensor 27, between 600 and 4000 cm −1 , spectral resolution of 4 cm
, and 128 scans. The 100 nm BuPTCD PVD films were deposited simultaneously onto Ge plate for transmission mode and Ag mirror for reflection mode. BuPTCD powder dispersed in KBr pellet was also characterized through FTIR and used as reference of a system with random molecular organization. The PVD films were also annealed up to 200 o C at environmental atmosphere for 2h with heating rate of 10 o C/min, in order to evaluate the influence of the heating on the PVD film molecular organization.
The crystallinity of BuPTCD was determined by X-ray diffraction using a Shimadzu diffractometer, model XRD-6000, with Cu-κα 1 (λ = 1.5406Å) and Cu-κα 2 (λ = 1.5444Å) radiation, 40 kV, 30 mA. The scan was done at intervals of 2θ angles from 5° to 70°, using divergence and reception slits of 1°, with a step of 0.02° and a scan rate of 2°/min for both powder and 100nm PVD films deposited on BK7-glass slides. The 100 nm PVD films deposited onto quartz and Ge plates were also characterized morphologically at nanometer scale through AFM images recorded using a Nanosurf microscope, model easy Scan 2, tip of silicon nitride and tapping mode. The topographic images were analyzed using the software Gwyddion2.19 to obtain parameters such as average height and roughness.
The electrical characterization was carried out by depositing 100 nm of BuPTCD PVD film onto Au interdigitated electrodes (IDE-structured device). The IDE were fabricated by photolithography with the following parameters: 25 pars of digits with 100 nm height, 8 mm length, 100 µm width, and separated from each other by 100 µm. A Keithley 238 voltage source was applied to obtain current versus voltage (I vs. V) and to calculate the electrical conductivity of BuPTCD film on IDE-structured devices. Photoconductivity effect was evaluated by current versus time (I vs. t) measurements applying 5 V in the dark and under illumination from a halogen lamp (150 mW/cm 2 ).The possible application of BuPTCD as a trifluoroacetic acid (TFA) gas sensor was also explored. A voltage of 5 V was applied and the current through the IDE-structured device was measured as a function of time (I vs. t) upon addition of 5 microsyringes of 250 μL with TFA gas in to the sample chamber.
Results and Discussion

BuPTCD PVD films: growth and morphology
The BuPTCD thermal degradation was investigated via TG analysis. Figure 1 shows the TG curve and its first derivative (DTG), revealing high thermal stability until ca. 380°C. After that it is observed a small mass loss of 3.86% between 25 and 400 o C and 96% between 400 to 664 o C with maximum at 650 o C (DTG). Both endothermic and exothermic events are not seen on DSC experiments, considering the same range of temperature (result not shown).The evaporation process for PTCD derivatives is carried out at temperatures below 400 o C 31 . Therefore, neither phase transition events nor thermal degradation would prevent the preparation of BuPTCD films by PVD.
The growth of PVD films of BuPTCD with 20, 40, 60, 80, and 100 nm was monitored by UV-Vis absorption spectroscopy, as shown in Figure 2 . The linear dependence of the absorbance at 465 nm (inset A in Figure 2 ) indicates that similar amounts of material are deposited onto the substrate at each evaporation step, revealing a controlled growth of the PVD films.
The UV-Vis absorption spectra of perylene derivatives usually consist of electronic transitions with characteristic vibronic structures 32, 33 . For instance, the inset B in Figure 2 shows the UV-Vis absorption spectra for both BuPTCD solution (10 -6 mol/L) and PVD film (100nm). The solution spectrum displays three main absorption bands associated with π-π* transition of the perylene chromophore: 0-0, 0-1 and 0-2 transitions with maxima at 523, 486 and 455, respectively. The absorption spectrum of the PVD film shows an intense blue-shift component with a broad maximum at 463 nm and a red-shift component at 573 nm. Applying the Kasha's point-dipole model, 34 the red-shift band could be related to "head-to-tail" arrangement of the dipoles (J-aggregates) and the blue-shift band to the "card pack" arrangement of the dipoles (H-aggregates). Therefore, the strong red-and blue-shift band components observed in the UV-Vis absorption spectra of the PVD film point out for an intermediate case with coexistent J and H molecular aggregates. The latter suggests that BuPTCD molecules may be arranged on top of each other, forming a multilayer mol/L) and PVD film (100 nm).
with H and J molecular aggregates, similar to observed for a different perylene derivative (bis benzimidazo perylene, AzoPTCD) when forming PVD films 31 . Figure 3a shows a photograph of the 100 nm BuPTCD PVD film taken with a digital camera. An optical image with 500× magnification for the same film is shown in Figure 3b , revealing a highly homogeneous and smooth film surface at the microscale. The PVD film morphology at nanometer scale was determined by AFM, shown in Figure 3c .The AFM images also reveal a smooth surface, indicating that the homogeneous morphological pattern observed at micrometer scale is kept at nanometer scale.
The BuPTCD PVD film was also characterized in terms of RMS roughness and average height, calculated by the standard deviation according to the Equation 1:
is the average of Z values in the determined area, Zn is the height of the n th pixel, N is the number of pixels considered in the determined area and the average height is simply the arithmetic average of the measured heights. The values of roughness and average height are obtained for areas of 30 μm x 30 μm, 20 μm x 20 μm and 10 μm x 10 μm and are shown in Table 1 .
The high homogeneity of the PVD film is evidenced by the low values of RMS roughness and average height in relation to the film thickness, being nearly constant for the different scanned areas. The PVD film thickness was also evaluated by AFM. Figure 4 shows the surface profile produced by scratching the PVD film, revealing a thickness of ca. 100 nm. Once again the PVD film homogeneity is highlighted by the low values of RMS roughness, which was found to be less than ca.3% of the film thickness. Volpati et al. 31 have shown that depending on the experimental conditions, PVD films of AzoPTCD may reach different values of RMS roughness, varying from 5 to 15% of the film thickness. Ferguson & Jones 35 working with PVD films of 3,4,9,10-perylenetetracarboxylicdianhydride (PTCDA) found RMS roughness of ca. 2.77% in relation to the film thickness, similar to the results present here, revealing the suitability of the PVD technique.
BuPTCD PVD film: molecular organization
and crystallinity FTIR measurements were recorded in order to probe the PVD film anisotropy. The molecular organization of BuPTCD molecules is investigated by comparing the transmission and reflection FTIR spectra, shown in Figure 5 . The transmission FTIR spectrum of BuPTCD powder dispersed in KBr pellet is considered to be the reference for a system with random molecular organization. The differences found in relative intensities of the powder and PVD film (transmission mode), besides the differences in relative intensities of the PVD film spectra (transmission and reflection modes), suggest a strong anisotropy in terms of molecular organization. The determination of the molecular orientation can be performed by combining FTIR data and selection rules, described briefly as follows [36] [37] [38] : (i) The incident electric field of the infrared radiation is parallel to the substrate surface in the transmission mode (E // ), Figure 6a .
(ii) Considering the metal used (Ag) and the incident angle (80°), the electric field is polarized perpendicular to the substrate surface in the reflection mode (E ┴ ), Figure 6b .
(iii) The intensity of the infrared absorption (I) depends on the interaction between the electric field of the incident radiation (E) and the variation of the molecular dipole moment (µ) following the scalar product
Figure 3. (a) Photograph obtained with a digital camera, (b) optical microscopy with 500× magnification, and (c) atomic force microscopy (AFM, topography) for the 100 nm PVD film deposited onto quartz plate. Considering that the polarization of the electric field of the incident radiation is known, the molecular organization can be determined using FTIR bands which µ components are well established in relation to the molecule symmetry. For instance, considering the PVD film spectra (transmission and reflection modes), significant differences in terms of band relative intensities are found at 1697 and 1660 cm -1 assigned to C=O symmetric and antisymmetric stretching, respectively 39 . Such vibrational modes are associated with dipole moments that lie on the plane of the chromophore. Considering the antisymmetric (1660 cm -1 ) and symmetric (1697 cm -1 ) stretching modes, the resulting dipole components are parallel and perpendicular to the short axis of the chromophore, respectively (Figure 6 ). Another important change in relative intensity is observed for the absorption bands at 809 and 745 cm -1 , both assigned to C-H wagging, a dihedral angular deformation, out of the plane modes of the chromophore ( Figure 6 ) 40, 41 . These resultant dipole moments and the polarization of the incident electric field (transmission and reflection) modes are illustrated in Figure 6a and 6b, respectively.
The higher relative intensity of the band at 809 cm -1
(C-H wagging) in transmission mode for PVD film ( Figure 5 ) points out to a preferential orientation of the molecule with the plane of the chromophore perpendicular to the substrate. However, it is not possible to infer whether the molecule is standing head-on (short axis of the chromophore, with the alkyl chain touching the substrate surface) or side-on (long axis of the chromophore touching the substrate surface). The higher intensity of the band at 1660 cm -1 (C=O antsym ) in transmission mode for PVD film ( Figure 5 ) suggests that the molecule is standing head-on. In addition, the higher intensity of the band at 1697 cm -1 (C=O sym ) in reflection mode for PVD film ( Figure 5 ) confirms this hypothesis. Therefore, BuPTCD molecules are preferentially orientated with the plane of the chromophore perpendicular to the substrate, standing head-on, as depicted in Figure 6c . Antunes et al. 41 have found similar molecular orientation for PVD films of perylene tetracarboxylic derivatives (PTCDs) with alkyl lateral chains with different lengths (5, 10, 15, and 20 carbons). The authors highlighted that the larger alkyl lateral chains the more tilted the molecules in relation to the normal of the substrate surface. Furthermore, by changing the composition of lateral groups attached to the chromophore, different molecular orientation may be reached, as verified by Volpati et al. 31 working with PVD films of AzoPTCD. In addition, polarized FTIR measurements with 0°, 30°, 60° and 90° were performed in transmission mode. The goal is to figure out whether the plane of the molecule displays a preferential orientation in X or Z directions (Figure 6c ). Significant changes were not observed on the FTIR spectra, with respect to the polarization angle, as shown in the Appendix ( Figure 1S ). The latter suggests that, besides the head-on molecular organization (Figure 6c ) in Y direction, the molecule presents a random orientation in X or Z directions, as further discussed by the X-ray data (inset in Figure 7) . Finally, the 100 nm BuPTCD film was probed upon annealing up to 200°C at environmental atmosphere for 2 h. The main objective is to determine the effect of annealing on the film molecular organization. The FTIR spectra recorded after annealing (Appendix Figure 2S ) have proven to be very similar to the FTIR spectra (reflection mode) taken before heating. Therefore, the BuPTCD PVD film does not change its molecular organization under the thermal treatment applied here, indicating a thermal stability for this range of temperature. Changes in the molecular organization due to annealing can be reached for PTCD derivatives with smaller (propyl) lateral groups, as reported by Kam et al.
42 Figure 7 shows the X-ray diffraction patterns of powder and 100 nm PVD film evaporated onto quartz. The well-defined crystalline structure in a single crystallographic plane observed for the PVD film indicates that BuPTCD molecules have a preferred orientation along the film. According to Hädicke & Graser, 43 the crystal structure of BuPTCD is monoclinic with lattice parameters: a = 0.4734, b = 2.8233, c = 0.9396 nm, β = 110.86 o . The intense peak at 6.25° (2θ) indicates that the crystalline film deposited on the substrate is oriented parallel to the sample (020) crystalline plane. Therefore, one can assume that molecular plane of BuPTCD stands obliquely to the surface, with the peripheral butyl groups alternately bounded to the peryleneskeleton, 43, 44 as depicted on the inset in Figure 7 . In a similar approach Yanagi et al. 44 have found similar results controlling the orientation of perylene 
Electrical properties -DC measurements
The electrical conductivity for 100 nm PVD film of BuPTCD deposited onto Au interdigitated electrodes (IDE -inset in Figure 8a ) is determined by current vs. voltage curves (I vs. V), performed in dark environment and displayed in Figure 8a . Using a model from Olthuis et al. 46 , the conductivity of the IDE-structured device is obtained from its resistance considering the IDE cell constant, estimated to be 5.1 m −1 in our case. 47 Therefore, the electrical conductivity of BuPTCD PVD film is estimated in ca. 7.45x10 48 have found for PVD films of perylene tetracarboxylic diimide (PTCDI), which have carried out a detailed and extensively work for ten distinct molecules: Alq3 (tris-(8-hydroxyquinoline) aluminum), BCP (2,9-dimethyl-4,7-diphenyl-1,10-phenanthroline), CuPc (copper(II) phthalocyanine), fullerene C60, PTCDI (3,4,9,10-perylenetetracarboxylicdiimide), PHT (regioregular poly(3-hexylthiophene), DHD6ee and TBD6a (porphyrin-fullerene dyads), ZnBTZ and 3TCNS. According to the authors 48 , "The best n-type conducting material is PTCDI, and it has shown the highest (hundred times) decrease in resistivity under the light illumination."
The BuPTCD film in IDE-structured device was considered as a TFA gas sensor using I vs. t measurements (applied voltage 5 V), as shown in Figure 9 . The current, and consequently, the electrical conductivity increased as the TFA gas was injected, although the relative response intensity decreased from the first to the last syringe. According to S. Ji et al.
49
, this response decrease may be assigned to the saturation of the surface area. From the literature, the sensitivity of organic semiconducting materials as gas sensor units is related to the surface area that can provide the diffusion of the analyte molecules 50, 51 and the chemical nature of the semiconducting materials, such as redox potentials, which are associated with the formation of charge carriers and its efficient transport through the materials 52 . In our case, specifically, BuPTCD protonation under TFA exposition must be considered. Another point to be taken into account is the interplanar spacing between perylene core, which is crucial for efficient carrier transport, and therefore π−π stacking distance may play a critical role in the sensing performance of perylene derivatives 53 . In summary, the BuPTCD PVD film shows fast response toward TFA gas, probably due to protonation (mainly at the surface film), associated with the π−π stacking in a packed structure that favors the charge carrier mobility 54 .
Conclusion
Thin films of bis butylimido perylene (BuPTCD) were successfully produced by the physical vapor deposition (PVD) technique. The thermogravimetric analysis and vibrational spectroscopy ensures that the molecule is not degraded during the deposition process. A smooth and homogeneous surface at nano and micrometer scales is found with roughness around 3% in relation to the thickness of the film. The X-ray diffraction data reveal a well-defined crystalline structure in a single crystallographic plane, pointing out for preferential orientation of BuPTCD molecules within the PVD film. The latter is confirmed considering both FTIR results (transmission and reflection modes) and surface selection rules, being BuPTCD molecules preferentially orientated head-on with the plane of the chromophore almost perpendicular to the substrate plane. This molecular organization was not affected by the annealing process (200 o C). The DC electrical analysis shows a conductivity of 4.3 × 10 -10 S/m for the BuPTCD onto IDE structure. In the same structure the photovoltaic effect was observed, and the electrical current enhanced about 2 orders of magnitude (from 4.3x10 -10 to 1.8x10 -8 A)
upon illumination. As proof-of-concept, it is shown that the BuPTCD has a fast DC electrical response toward TFA gas, revealing its potential to be applied as gas sensor.
